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O (54) TlUe: ADSORBENTS, METHODS OF PREPARATION, AND METHODS OF USE THEREOF 

(57) Abstract: Adsorbents and methods of use thereof are provided. One representative, among others, includes an adsorbent having 
Q an alkali metal promoted, nuxed trivalent layered double hydroxide (LDH) composition. When the mixed trivalent layered double 
hydroxide (LDH) composition is heated to a temperature ranging &om about 300°C to 450*'C, an the adsorbent having an adsorption 
capacity of at least 0.8 millimoles of CO2 adsorbed per gram of adsorbent is formed. 
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ADSORBENTS, METHODS OF PREPARATION, AND 
METHODS OF USE THEREOF 



CROSS-REFERENCE TO RELATED APPLICATION 
This application claims priority to copending U.S. Provisional Application entitled, 
'Improved High Temperature CO2 Absorbenf , filed with the United States Patent and 
Trademark Office on June 19*** 2002, and assigned Serial No. 60/390,050, and, U.S. 
Provisional Application entitled, ^Temperature Swing Process for Selectively Removing 
Carbon Dioxide fi:om a process stream", filed with the United States Patent and Trademark 
Office on Febmary 24* 2003, and assigned Serial No. 60/449,689 both of which are 
entirely incorporated herein by reference. 

TECHNICAL FIELD 
The present invention is genially related to separation techniques and, more 
particularly, is related to adsorbents and precursors thereof, used in separation techniques. 

BACKGROUND OF THE INVENTION 
The sorption of pollutants on adsorbents is receiving increased attention both 
from the view of removal and recovery of pollutants from gas mixtures, especially the 
pollutants produced through combustion processes. The generation and discharge of 
carbon dioxide into the atmosphere due to the consumption of large quantities of fossil 
fiiels has emerged as a significant pollution problem for the envux>nment. Thus, studies 
are in progress increasingly to address this issue. 

Moreover, the removal of carbon dioxide is also important in several gas 
purification operations, such as, the production of hydrogen gas, landfill and natural gas 
treatment, and in the purification of hydrocarbons. Various separation techniques are 
applicable for the removal of carbon dioxide, such as, adsorption, absorption, and 
membrane separation. 

Processes based on the selective adsorption of a gas mixture generally involve 
contacting the gas mixture with the selective adsorbent in an adsorption zone. The 
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adsorption zone is maintained at adsorption conditions (f.e., temperature and/or pressure) 
favorable to selectively adsorbing a component of the gas mixture and producing an 
adsorption effluent, which has a reduced concentration of the adsorbed component 
relative to the gas mixture. Subsequently, the adsorbable component is then desorbed by 
changing the conditions in the adsorption zone to induce desorption. Alternatively, the 
selective adsorbent can be moved from the adsorption zone to a desorption zone having 
conditions favorable for desorption. Under desorption conditions the adsorbable 
component is purged from the selective adsorbent. Following the desorption step, the 
adsorption zone is purged to remove the adsorbed component. 

In general, there are three types of adsorption/desorption processes, and these 
include pressiure swing adsorption, thermal (or temperature) swing adsorption, and 
combinations thereof. 

In pressure swing adsorption (PSA) processes the gas mixture is fed to at least one 
of a plurality of adsorption zones having an adsorbent at a reduced pressure effective to 
adsorb at least one component of the gas mixture. After a defined time, the feedstream to 
the gas mixture is terminated and the adsorption zone is depressurized. Alternatively, the 
adsorbent can be moved into a desorption zone. In either case, the pressure is elevated to 
a defined level, which permits the separated adsorbed component to be drawn off. 

In thermal swing adsorption (TS A) processes, the gas mixture is fed to at least one 
of a plxirality of adsorption zones having an adsorbent at a reduced temperature effective 
to adsorb at least one component of the gas mixture. After a defined time, the feedstream 
to the adsorbent is terminated and the temperature in the adsorption zone is increased. 
Alternatively, the adsorbent is moved to a desorption zone. In either case, the 
temperature is increased to a defined level, which permits the adsorbed component to be 
drawn off. In a typical TSA process, two or more adsorption zones and two or more 
desorption zones are operated in an alternating manner to provide continuous treatment. 

Various classes of adsorbents are known to be suitable for use in PSA and TSA 
systems, the selection of which is dependent upon the gas mixture components and other 
factors generally known to those skilled in the art. In general, suitable adsorbents include 
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molecular sieves, silica gel, Y-type zeolite, X-type zeolite, activated carbon, and activated 
alumina. 

A key aspect in separating CO2 is the identification of a suitable adsorbent. 
Although several types of adsorbents may be anployed for the adsorption of CO2, 
important factors for an efficient process include choosing an adsorbent that has strong 
affinity for CO2 and also has an appropriate sorption c£^acity as well as desoiption 
capability. Thus, a heretofore unaddressed need exists in the industry for alternative 
adsorbents that are capable of adsorbing and desorbing CO2. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention provide for adsorbents and methods of use 
thereof. One representative embodiment, among others, includes an adsorbent having an 
alkali metal promoted, mixed trivalent layered double hydroxide (LDH) composition. 
When the mixed trivalent layered double hydroxide (LDH) composition is heated to a 
temperature ranging firom about 300°C to 450''C, an the adsorbent having an adsorption 
capacity of at least 0.8 nwllimoles of CO2 adsorbed per gram of adsorbent is formed. 

In another representative embodiment, the alkali metal promoted, mixed trivalent 
metal LDH composition has the following general formula: 

[Mli.x(M2yM3<uy))x(OH)2(A)x/2 • z H2O3 • v [M4wC03] 
wherein the subscript "x" is a number between 0 an 1; the subscript "y" is a number 
ranging firom greater than 0 to about 0.05; "z" is a number ranging from 0 to about 8; the 
subscript "w" is the integer 1 or 2, wherein when **w" is the integer 1 the CO3 becomes 
HCO3; "v" is a number ranging from 0 to about 0.01 ; **M1" is a divalent metal selected 
from magnesium (Mg), calciirai (Ca), strontium (Sr), manganese (Mn), iron (Fe), cobalt 
(Co), nickel (Ni), copper (Cu), and zinc (Zn); '*M2" and '"MS" are each a trivalent metal 
selected from aluminum (Al), chromium (Cr), Mn, Fe, Co, lanthanum (La), cerium (Ce), 
galium (Ga), indium (hi), the lanthanide series of metals, and mixtures thereof; * W is an 
anion selected from CO3, SO4, and HPO4; and is an alkali metal selected from 
sodium (Na), potassium (K), robidium (Rb), cesium (Cs), and lithium (Li). 

3 
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Another embodiment of the present invention provides for methods of separating 
carbon dioxide jfrom a gas mixture. An exemplary method includes: providing at least 
one adsorption zone comprising an alkali metal promoted, trivalent metal layered double 
hydroxide (LDH) adsorbent having an adsorption capacity of at least 0.8 millimoles of 
CO2 adsorbed per gram of LDH adsorbent; passing the gas mixture comprising water 
vapor and carbon dioxide through the at least one adsorption zone wherein the alkali 
metal promoted, mixed trivalent metal LDH adsorbent adsorbs at least part of flie carbon 
dioxide from the mixture to provide a carbon dioxide-^depleted gas; and regenerating the 
alkaU metal promoted trivalent metal LDH adsorbent to provide a a carbon dioxide-rich 
gas. 

Li still another embodiment, the method of separating carbon dioxide from a gas 
mixture water vapor and carbon dioxide using an adsorption process includes the steps of: 
passiug the gas mixture comprising water v^or through at least one adsorption zone 
comprising an alkali metal promoted, mixed trivalent metal layered double hydroxide 
(LDH) adsorbent wherein the adsorption zone being at a first temperature and a first 
pressure, and wherein the alkali metal promoted, mixed trivalent metal LDH adsorbent 
adsorbs at least part of the carbon dioxide &om the gas mixture; separating a portion of 
the carbon dioxide from the gas mixture to form a carbon dioxide-depleted gas; and 
regenerating the alkali metal promoted, mixed trivalent metal LDH adsorbent, wherein 
the adsorption zone being at a second temperature and a second pressure. The 
temperature and pressure can be changed independently of one another. 

In still another embodiment, the method of separatiug carbon dioxide from a gas 
mixture comprising carbon dioxide and water vapor using an adsorption process includes 
the steps of: contacting the gas mixture comprising water vapor with alkali metal 
promoted, mixed trivalent metal layered double hydroxide (LDH) adsorbent having an 
adsorption capacity of at least 0.8 milUmoles of CO2 adsorbed per gram of IX)H 
adsorbent; and separating a portion of the carbon dioxide from tiie gas mixture. 

Other systems, methods, features, and advantages of the present invention will be 
or become apparent to one with skill in the art upon examiuation of the following 
drawings and detailed description. It is intended that all such additional systems. 
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methods, features, and advantages be included within these descriptions, be within the 
scope of the present invention, and be protected by the accompanying claims. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Many aspects of the invention can be better understood with reference to the 
following drawings. The components in the drawings are not necessarily to scale, 
emphasis instead being placed upon clearly illustrating the principles of the present 
invention. Moreover, in the drawings, like reference numerals designate corresponding 
parts throughout the several views. 

FIG.l illustrates the pressure swing adsorption capacity of various layered double 
hydroxide adsorbents. 

DETAILED DESCRIPTION 

Adsorbents, methods of preparation thereof, and methods of use thereof, are 
disclosed. The adsorbents are capable of adsorbing/desorbing carbon dioxide (CO2) from 
gas mixtures. In particular, the adsorbents have superior adsorption/desorption 
characteristics when compared to other adsorbents. Further, the adsorbents have superior 
cycling stability when compared to other adsorbents. 

In addition, layered double hydroxide (LDH) compositions, methods of 
preparation thereof, and mefliods of use thereof, are disclosed. In general, the LDH 
compositions include, but are not limited to, alkali metal promoted, mixed trivalent metal 
LDH compositions. Under appropriate conditions a temperature ranging from 
300°C to 450°C and a pressure of 1 atmosphere), the LDH compositions can be reversibly 
converted into the adsorbent described above. 

Another embodiment of the present mvention provides for methods of using the 
LDH adsorbents in cycling adsorption processes such as, but not limited to, thermal 
(temperature) swing adsorption processes, pressure swing adsorption processes, and 
combinations thereof. In particular, adsorbents are well suited for the adsorption of CO2 
and water vapor in thermal swing processes. For example, the adsorbents demonstrate 
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exceptional adsorption/desorption characteristics, which will be discussed in more detail 
below and in Example 1. 

IDH Compositions 

Embodiments of the LDH compositions include alkali metal promoted, naixed 
trivalent metal LDH compositions: In particular, the alkali metal promoted, n^xed 
trivalent metal LDH compositions include compositions having the followmg general 
formula: 

[Mli-x(M2yM3(i.y))x(OH)2(A)x/2 • z H2O] • v [M4wC03] 
wherein the subscript '*x" is a nxmiber between 0 an 1 ; the subscript ' is a nimiber 
ranging from greater than 0 to about 0,05, preferably from greater than 0 to about 0.0375; 
"z" is a number ranging from 0 to about 8, preferably from 0 to about 4; the subscript 'V" 
is the integer 1 or 2, wherein when ' V" is the integer 1 the CO3 becomes HCO3; "v" is a 
number ranging from 0 to about O.61, preferably from 0 to 0.0025; 'Ts/LV" is a divalent 
metal such as, but not limited to, magnesium (Mg), calcium (Ca), strontium (Sr), 
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn); *M2" 
and "M3" are each a trivalent metal such as, but not limited to, aluminum (Al), 
chromium (Cr), Mn, Fe, Co, lanthanum (La), cerium (Ce), gaUum (Ga), indium (In), the 
lanthanide series of metals, and mixtures thereof; "A" is an anion such as, but not Umited 
to, CO3, SO4, and HPO4; and "M4" is an alkali metal such as, but not limited to, sodium 
(Na), potassium (K), robidium (Rb), cesium (Cs), and lithium (Li). In an exemplary 
embodiment, "Ml" is Mg; "M2" is Al, Ga, or La; '*M3*' is a trivalent metal such as Ga, 
La, In, or the lanthanide series of metals; at least one of '^2" and "M3" is Al; '*M4" is K. 

The alkali metal promoted, mixed trivalent metal LDH composition when heated 
to at least one temperature ranging from about SOO^'C to less than 450*'C at a pressure of. 
oiie atmosphere forms a mixed trivalent metal LDH adsorbent The alkali metal 
promoted, mixed trivalent metal LDH adsorbrat has an adsorption capacity of at least 
about 0.8 adsorbed per gram of adsorbent when measured by a thermal gravimetric 
apparatus using a "dr/' gas stream containing CO2 (about 0.7 atmosphere partial 
pressure) and an inert gas. hi addition, the alkali metal promoted, mixed trivalent metal 
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LDH adsorbent has a desorption rate, indicated by a first order rate constant, of about 
0.05 to 0.24 per minute when measured by a thermal gravimetric apparatus using a dry 
inert gas stream to purge the sample. Further, the alkali metal promoted, mixed trivalent 
metal LDH adsorbent has a working capacity of greater than about 0.05 millimoles CO2 
per gram of mixed trivalent metal adsorbmt. Furfhermore, surface area of adsorbent is 
about 30-50 m^/g when measured by N2 adsorption in a traditional BET surface area 
analyzer. Lastly, the alkali metal promoted, mixed trivalent metal LDH 
composition/adsorbent can be regenerated from one cycle to another in cycling adsorption 
processes and, thus the alkali metal promoted, mixed trivalent metal IJDH adsorbent is 
cyclically stable. 

"Working capacity"' means the reversible CO2 capacity that is observed when CO2 
is present in a "moist" gas stream when the alkali metal promoted, mixed trivalent metal 
LDH composition/adsorbent is cycled between the adsorption conditions (e.g., at a 
temperature of about 200°C and at a pressure of about 45 psia) and the desorption 
conditions {e.g., at a temperature of about 450°C and at a pressure of about 45 psia). 

"Cyclic stability*' can be defined in terms of how the * Vorking capacity" changes 
with cycles. An alkali metal promoted, mixed trivalent metal LDH 
composition/adsorbent is deemed as stable if successive measurements of **working 
capacity" change by less than a certain tolerance {e,g., the tolerance is set at 6%). 

In particular, the alkah metal promoted trivalent metal LDH compositions include 
galUum-containing mixed trivalent metal compositions having the formula: 
[Mg6Al20-o)Ga2o(OH)i6CO3-4H2O] • piKaCOs) wherein the subscript * V' can range firom 
greater than 0 to about 0.02 or preferably firom greater than 0 to about 0.01 ; and the 
subscript "o" can the range firom greater than 0 to about 0.3 pr preferably firom about 0.01 
to 0. 1 5 . The gallium-containing mixed trivalent metal composition forms a gallium- 
containing mixed trivalent metal adsorbent when heated to at least one temperature 
ranging firom about 300°C to less tiian 450°C at a pressure of one atmosphere. 

The gallium-containing mixed trivalent metal adsorbent has an adsorption 
capacity of at least about 0.8, at least about 1.1, at least about 1.3, between about 1 and 
1.5, and preferably firom between about 1.1 and 1.3 millimoles of CO2 adsorbed per gram 
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of adsorbent when measured by a thermal gravimetric apparatus using a "dry" gas stream 
containing CO2 (about 0.7 atmosphere partial pressure) and an inert gas. 

Further, the gallium-containing mixed trivalent metal adsorbent has a desoiption 
rate, indicated by a first order rate constant, of siboul 0.12 to 0.24 per minute, and 
preferably, about 0.14 to 0.22 per minute when measured a thermal gravimetric apparatus 
using a dry inert gas stream to purge the sample. 

The gallium-containing mixed trivalent metal adsorbent has a working capacity of 
at least 0.05 millimoles per gram, preferably at least 0.1 millimoles per gram, more 
preferably at least 0.2 millimoles per gram, and most preferably at least 0.5 millimoles 
per gram of CO2 per gram of gallium-containing mixed trivalent metal adsorbent. 

Another embodiment of the alkah metal promoted mixed trivalent metal LDH 
compositions includes, but is not limited to, lanthanum-containing nadxed trivalent 
compositions having the formula [Mg6Al2(i-q)La2q(OH)i6C03*4H20] • r(K2C03) wherem 
the subscript 'V can range firom greater than 0 to about 0.02 or preferably from greater 
than 0 to about 0.01 and the subscript "q" can tibie range from greater than 0 to about 0.1 
or preferably from about 0.001 to 0.05. The lanthanum-contaiixing mixed trivalent 
composition forms a lanthanmn-containing mixed trivalent metal adsorbent when heated 
to at least one temperature rangmg from about 3bo°C to less than 450°C at a pressure of 
one atmosphere. 

The lanthanum-containing mixed trivalent metal adsorbent has an adsorption 
capacity of at least aboutO.8, at least about 1.1, at least about 1.5, between about 1 and 
1.5, and between about 1 and 1.3 millimoles of CO2 adsorbed per gram of adsorbent 
when measured by a thermal gravimetric apparatus using a "dry" gas stream containing 
CO2 (about 0.7 atmosphere partial pressure) and an inert gas. 

The lanthanum-containing mixed trivalent metal adsorbent has a desotption rate, 
indicated by a first order rate constant, of about 0.05 to 0.07 per minute, and preferably 
about 0.06 to 0.07 per minute when measured by a thermal gravimetric apparatus using a 
dry inert gas stream to purge the sample. 

The lanthanum-containing mixed trivalent metal adsorbent has a working capacity 
of at least 0.05 millimoles per gram, preferably at least 0.1 millimoles per gram, more 
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preferably at least 0.2 millimoles per gram, and most preferably at least 0.5 millimoles 
per gram of CO2 per gram of lanthanum-containing mixed trivalent metal adsorbent. 

Methods of Preparing LDH Compositions 

The exemplary alkali metal promoted, mixed trivalent metal LDH compositions 
discussed above can be synthesized by mixing divalent and trivalent metal-contaimng 
chloride, carbonate, or nitrate compounds with a trivalent-containing chloride, carbonate, 
or nitrate compoimds in a solution of aqueous alkali metal carbonate such as, but not 
limited to, sodiimi carbonate. The solution is mixed and maintained at a pH of about 10 
by adding a base such as, but not limited to, sodium hydroxide to the mixture. If the 
starting compounds are chlorides, the resulting precipitate, (the mixed, trivalent metal 
LDH composition) is rinsed of chloride ions using distilled and/or decarbonated water 
under appropriate conditions. The mixed trivalent metal LDH composition is then dried, 
crushed, and stored under appropriate conditions. The mixed trivalent metal LDH 
composition can be a LDH chloride compound, a LDH carbonate compoimd, or a LDH 
nitrate compound. In an exemplary embodiment, the mixed trivalent metal LDH 
composition is a LDH carbonate compoiind. 

Subsequently, the mixed trivalent metal LDH composition is promoted witii an 
alkaU-metal carbonate such as, but not limited to, potassium carbonate. The trivalent 
metal LDH composition is added to a solution of water to which an amount of the alkali- 
metal carbonate is added, hi general, about 1 mole of potassium carbonate is added per 2 
moles of trivalent cations in the mixed trivalent metal LDH composition. For example, 
the K:M^"*" ratio of Ihe starting materials can be i : 1 . The alkali metal promoted, mixed 
trivalent metal LDH composition is separated from the solution dried, crushed, and stored 
under appropriate conditions. 

The concentrations and quantities of the materials used in the synthesis of the 
alkali metal promoted, mixed trivalent metal LDH composition depend in part upon the 
alkali metal promoted, mixed trivalent metal LDH composition formed, as defined above. 
In general, the stoichiometric ratio of the metal chlorides, carbonates, or nitrates used in 
the synthesis of the alkali metal promoted, mixed trivalent metal LDH composition, was 
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held at M^^rM^"*" of 3 : 1 . For example, when referring to the instance of 1 0% substitution 
of Ga for Al, the ratio of Mg:Al:Ga of the synthesis materials is 3:0.9:0.1. However, one 
skilled in the art would be able to determine the concentrations and quantities of the 
materials, and the stoichiometric ratios needed to synthesis the alkaU metal promoted, 
mixed trivalent metal LDH composition described above. 

Methods of Using LDH Compositions and flie corresp onding Adsorbents 

Embodiments of the present invention also include methods of separatmg one or 
more gases from a gas mixture using a cychc adsorption process. In general, the cyclic 
adsorption process can be carried out in one of the following cycUc adsorption process 
configurations: a pressure swing adsorption apparatus, temperature swing adsorption 
apparatus, or a pressure swing/temperature swing adsorption apparatus, all of which are 
known in the art. Jn goaeral, each type of cychc adsorption apparatus includes an 
adsorption zone and a desorption zone, although in some instances both zones are in the 
same physical area and the conditions within the physical area are altered, as is discussed 
in more detail below. 

In general, the adsorption zone can include adsorption units such as, but not 
limited to, adsorption beds or a rotating kihi unit. The adsorption beds and the rotating 
kiln include at least one type of LDH compositions and the corresponding adsorbaits 
(hereinafter "LDH composition/adsorbent") as described above, which are capable of 
adsorbing one or more gases from the gas mixture. 

The adsorption beds can be configured as fluidized-beds, moving-beds, or fixed- 
beds. In the fluidized-beds configuration, flie LDH composition/adsorbent is contacted 
counter-currently with the gas stream on perforated trays in relatively shallow adsorption 
beds. The gas uniformly distributes over the bottom cross section of the adsoibent bed. 
Due to momentum transfer, the bed expands and the solid particles move freely and 
circulate through the adsorption zone into the desorption zone. 

In the moving-beds configuration, both the LDH composition/adsorbent (in an 
adsorption bed) and the gas mixture move through the adsorption zone in a continuous 
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manner. Then the LDH composition/adsorbent is moved from the adsorption zone into 
the desorption zone. 

In the fixed-beds configurations, the bed is fixed in a certain area of the cycUc 
adsorption apparatus and contains the LDH conaposition/adsorbent. The gas mixture 
passes through the fixed-bed while imder adsorption zone conditions. After a period of 
time when the LDH composition/adsorbent adsorbs a portion of the gas naixture, the 
conditions are changed in the area that includes the fibced-bed to desorption zone 
conditions to desorb the adsorbed gases. In this regard, many cyclic adsorption apparatus 
configurations include two or more fixed-beds in separate regions of the apparatus, so 
that while one fixed-bed is under adsorption conditions, the other fixed-bed is under 
desorption conditions. Therefore, the gas stream can be operated in a continuous manner. 

An embodiment of a representative temperature swing method includes passing 
the gas mixture stream through at least one adsorption zone of the cyclic adsorption 
process that contains tiie LDH composition. Prior to being exposed to the gas mixture, 
the LDH composition is calcined at a temperature of about 350°C to 450°C in an inert 
gas. The gas mixture can include a plurality of gases such as, but not limited to, CO2, 
water vapor, hydrocarbons, carbon monoxide, hydrogen (H2), nitrogen (N2), and oxygen 
(O2). The hydrocarbons can include mixtures of light hydrocarbons such as, but are not 
linaited to, naphtha, methane, ethane, and ethene, or combinations thereof. 

Exposure of the gas mixture for an appropriate time period at an appropriate 
temperature and pressure causes the adsorbent to be reversibly converted into the 
corresponding LDH composition. The time period can range from 0.25 to 18 hours, 0,25 
to 1 hour, or 0.2 to 0.5 hours. In addition, the time period that the adsorbent is exposed to 
the gas mixture depends upon, but is not linaited to, the operating conditions of the cyclic 
adsorption process, the gas mixture, the concentration of CO2 in the gas mixture, and the 
concentration of water vapor in the gas nodxture. One skilled in the art can determine the 
most appropriate time period for a particular set of conditions. It should be noted that 
saturation of the adsorbent is not necessary and one skilled in the art could design the 
cycUc adsorption process to effectively use the adsorbent. 
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Subsequently, the LDH composition is heated to a temperature (e.g., 300°C to less 
than 450°C) to desorb a substantial portion of the CO2 and water vapor. The LDH 
composition can be heated using a heated gas stream (e.g., water vapor and/or a heated 
inert gas) and/or heating the adsorption zone with heaters. After the CO2 and water vapor 
are desorbed from the LDH composition, the water vapor can be separated from the CO2 
to form a concentrated CO2 gas stream. Li addition, the LDH composition can be 
calcined to reform the adsorbent, so that it can be used again in the cyclic process. 

The adsorption cycle can include steps other than the basic steps described above. 
For example, pressure swing adsorption cycles can include one or more bed equalization 
steps, a nonadsorbed product backfill step, a countercurrent nonadsorbed product purge 
step, and/or a concurrent desorbed product gas purge step at or below the desired 
adsorption pressure. The concurrent purge generally precedes the evacuation step, and is 
generally carried out before depressurizing the adsorption vessel, although it could be 
carried out after any concurrent depressurization steps (e.^., equalization steps). 
Coimtercuirent purge is generally carried out during or after countercurrent evacuation of 
the adsorption vessel. The sequential order and duration of the various steps are not 
critical, and these may be varied, as desired. Similarly, the LDH composition may be 
purged with nonadsorbed gas during the adsorbent regeneration step of thermal swing 
adsorption cycles. 

As described above, the cycUc adsorption processes can be carried out in a system 
having a single adsorption zone or a battery of adsorption zones operated in phase, or a 
plurality of adsorption zones or batteries of adsorption zones operated out of phase. 
When a process having a single adsorption zone or a battery of zones, all of which are 
operated in phase, the adsorption step must be periodically stopped to permit regeneration 
of the LDH composition. In contrast, when a plurality of adsorption zones are employed 
in parallel and operated out of phase, one or more adsorption zones can be in adsorption 
service adsorbing the desired gas component, while one or more other zones are 
undergoing regeneration to desorb and collect tiie adsorbed gas component. In the 
preferred adsorption process, cycles are repeatedly carried out in a manner such that 
production of the desired prodixct gas is substantially continuous. 

12 
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In general for TSA processes, the temperature in the adsorption zone is lower than 
the temperature in the desorption zone, while the pressure is substantially constant. For 
PSA processes the pressure in the adsorption zone is greater than the pressure of the 
desorption zone, while the temperature is substantially constant. 

The temperature of the adsorption zone for cyclic adsorption processes depends 
upon a nmnber of factors, such as, but not limited to, the particular hydrocarbons present 
in the gas ndxture being separated, the particular adsorbent being used, and the pressure 
at which the adsorption step is carried out. The upper and lower temperatures at which 
the adsorption zone is maintained is, in part, determined by both economics and the 
chemical reactivity of the components in the gas mixture. In particular, the temperature at 
which the adsorption zone is maintained should be below the temperature at which the 
gas nodxture components xmdergo, chemical reaction (e.g., hydrocarbons imdergoing 
oligomerization and polymerization). In general, the temperature in the adsorption zone 
is in the range of about 0*^0 and 250*^C, preferably in the range of about lOO^C to 200*^0, 
and most preferably in the range of about lOO^C to 160''C, when CO2 is being separated 
from hydrocarbons such as, but not limited to, aUcanes, alkenes, or mixtures of these. 
However, one skilled in the art would be able to adjust the temperature, as well as other 
parameters in the cyclic adsorption process, to ensure efficient and effective adsorption of 
CO2. 

For TSA processes, adsorbent regeneration is carried out at a temperature higher 
than the adsorption temperature and below the temperature at which imdesired reactions 
of the components of the gas mixture take place. For TSA processes, the adsorbent 
regeneration temperature is typically in the range of about 100**C to less than about 
450''C, and is preferably in the range of about 350^*0 to about 400^*0. The pressures at 
which the adsorption and adsorbent regeneration steps are carried out are not critical for 
TSA processes, and in general, these steps can be carried out at any of the usual pressures 
employed for cyclic adsorption processes. 

For PSA processes, the pressure maintained in the adsorption zone is typically in 
the range of about 760 (1 atmosphere (atm)) to about 15x760 torr (15 atm), and preferably 
in the range of about 5x760 to about 10x760 torr. The pressure maintained in the 
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desorption zone is typically earned out at pressxires in the range of about 15 to about 760 
toir and preferably carried out at pressures in the range of about 50 to about 200 torr. 

It will be appreciated that it is within the scope of the present invention to utiUze 
conventional equipment to perform the various functions of the cyclic processes, such as 
but not limited to, monitoring and automatically regulating the flow of gases within the 
cyclic adsorption isystem so that it can be fiilly automated to run continuously in an 
efficient maimer. 



Example 1 

The following is a non-limiting illustrative example of an embodiment of the 
present invention. This example is not intended to limit the scope of any embodiment of 
the present invention, but rather is intended to provide specific experimental conditions 
and results. Therefore, one skilled in the art would understand that many experimental 
conditions can be modified, but it is intended that these modifications are within the 
scope of the embodiments of the present invention. 

Three exemplary adsorbents were prepared as follows: Example 1 having the 
formula [Mg^2(i-o)Ga2o(OH)i6C03*4H20] • ^(KiCOs), Example 2 having the formula 
[Mg6Al2(i-q)La2q(OH)i6C03*4H20] • r(K2C03), and Comparative Example 1 which is a 
potassimn promoted Mg6Al2(OH)i6C03»4H20 (prepared at by the inventors). The 
samples were prepared in a manner consistent with the methodology described above. 

In particular for Example 1, the stoichiometric ratio of the metal chlorides used in 
the synthesis of the layered double hydroxide, was held at M^"^:M^'^ of 3:1. For example, 
when referring to the instance of 10% substitution of gallium for aluminum, the ratio of 
Mg:Al:Ga of the synthesis materials is 3:0.9:0.1. Substitution of gallium for almuinum 
spanning the range up to 100% substitution were performed analogous to the protocol 
described in Comparative Example 1 below, with the excq>tion of replacement of gallium 
for a percentage of the aluminum in the starting materials. That is, a firaction, o of 50 ml 
of 1.20 M aluminumQII) chloride hexahydrate and another firaction, (l-"o") of 50 mL of 
1 .2 M galUmnCDa) chloride hydrate and fifty ml of 0.40 M magnesiumCDT) chloride 
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hexahydrate were combined and added dropwise to 150 ml of 0.13 M aqueous sodium 
carbonate maintained at 60''C under vigorous stirring. 

The pH of the. solution was maintained at 10.0 by periodically adding aliquots of a 
1.0 M sodium hydroxide mixture. After 2.0 hours of aging at 60^C under vigorous 
stirring, the mixture was heated to SO^^C and mixed for 24 hours. The resTilting white 
precipitate was filtered and rinsed using copious distilled water in order to remove excess 
chloride ion. The supernatant was tested for chloride ion using a 0.1 M silver nitrate 
solution. In all cases, the supematant tested positive for chloride ion. In order to further 
exchange chloride anion for carbonate anion, the collected precipitate was refluxed for 
2.0 hours in 500 ml of 0.02 molar sodium carbonate solution. The precipitate was then 
filtered and rinsed using copious distilled water. The supematant was tested for chloride 
ion using the silver nitrate test. If the supematant tested positive for chloride ion, the 
reflux was repeated. The precipitate was filtered, rinsed thoroughly, and the supematant 
tested for chloride ion. The LDH was dried at 100°C in an oven for 24 hours, crushed, 
and stored in glass vials. 

In order to promote the various LDHs with potassium carbonate, approximately 
1.0 gram of LDH was added to 50 ml of water. Potassium carbonate was added in the 
amount of 1 mole of potassium carbonate per 2 mole of trivalent LDH cations. Thus, the 
K:M^^ ratio of the starting materials was 1:1. The solution was stirred for two hours, and 
the water was removed using a Rotovap, keeping the bath temperature at lO^'C under a 
slight vacuum. The potassium carbonate promoted LDH was then removed firom the 
flask, dried, crushed, and stored in glass vials. 

For Example 2, the stoichiometric ratio of the metal chlorides used in the 
synthesis of the layered double hydroxide, was held at M^^:M^^ of 3:1. For example, 
when referring to the instance of 10% substitution of lanthanum for aluminum, the ratio 
of Mg:Al:La of the synthesis materials is 3:0.9:0.1. Substitution of lanthanum for 
aluminum spanning the range up to 100% substitution were performed analogous to the 
protocol described in Comparative Example 1 below, with the exception of replacement 
of lanthanum for a percentage of the aluminum in the starting materials. That is, a 
firaction, q of 50 ml of 1.20 M aluniinum(III) chloride hexahydrate and another firaction. 
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(1-q) of 50 mL of 1 .2 M lanthanum(III) chloride hydrate and fifty ml of 0.40 M 
magnesium(III) chloride hexahydrate were combined and added dropwise to 150 ml of 
0.13 M aqueous sodium carbonate maintained at 60''C under vigorous stirring. 

The pH of the solution was maintained at 10.0 by periodically adding aliquots of a 
1.0 M sodium hydroxide mixture. After 2.0 hours of aging at 60**C under vigorous 
stirring, the mixture was heated to 80*^C and mixed for 24 hours. The resulting white 
precipitate was filtered and rinsed using copious distilled water in order to remove excess 
chloride ion. The supematant was tested for chloride ion using a 0. 1 M silver nitrate 
solution. In all cases, the supematant tested positive for chloride ion. In order to fiirfher 
exchange chloride anion for carbonate anion, the collected precipitate was refluxed for 
2.0 hours in 500 ml of 0.02 molar sodium carbonate solution. The precipitate was then 
filtered and rinsed using copious distilled water. The supematant was tested for chloride 
ion using the silver nitrate test. If the supematant tested positive for chloride ion, the 
reflux was repeated. The precipitate was filtered, rinsed thoroughly, and the supematant 
tested for chloride ion. The LDH was dried at lOO^C in an oven for 24 hours, crushed, 
and stored in glass vials. 

In order to promote the various LDHs with potassium carbonate, approximately 
1 .0 gram of LDH was added to 50 ml of water. Potassium carbonate was added in the 
amoxmt of 1 mole of potassium carbonate per 2 mole of trivalent LDH cations. Thus, the 
K:M^"^ ratio of the starting materials was 1:1. The solution was stirred for two hours, aad 
the water was removed using a Rotovap, keeping the bath temperature at TO^'C under a 
slight vacuxun. The potassium carbonate promoted LDH was then removed from the 
flask, dried, crushed, and stored in glass vials. 

For Comparative Example i , fiifly ml of 1 .20 M aluminum(III) chloride 
hexahydrate and fifty ml of 0.40 M magnesium(III) chloride hexahydrate were combined 
and added dropwise to 150 ml of 0.13 M aqueous sodium carbonate maintained at 60®C 
under vigorous stirring. The pH of the solution was maintained at 10.0 by periodically 
adding aliquots of a 1 .0 M sodium hydroxide mixture; After 2.0 hours of aging at 60®C 
imder vigorous stirring, the mixture was heated to 80°C and mixed for 24 hours. The 
resulting white precipitate was filtered and rinsed using copious distilled water in order to 
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remove excess chloride ion. The supernatant was tested for chloride ion using a 0.1 M 
silver nitrate solution. In all cases, the supernatant tested positive for chloride ion. In 
order to further exchange chloride anion for carbonate anion, the collected precipitate was 
refluxed for 2.0 hours in 500 ml of 0.02 molar sodium carbonate solution. The 
precipitate was then filtered and rinsed using copious distilled water. The supernatant 
was tested for chloride ion using the silver nitrate test If the supernatant tested positive 
for chloride ion, the reflux was repeated. The precipitate was filtered, rinsed thoroughly, 
and the supernatant tested for chloride ion. The LDH was dried at 100**C in an oven for 
24 hours, crushed, and stored in glass vials. 

In order to promote the various LDHs with potassiimi carbonate, approximately 
1.0 gram of LDH was added to 50 ml of water. Potassium carbonate was added in the 
amount of 1 mole of potassium carbonate per 2 mole of trivalent LDH cations. Thus, the 
KiM^"^ ratio of the starting materials was 1:1. The solution was stirred for two hours, and 
the water was removed using a Rotovap, keeping the bath temperature at 70**C under a 
slight vacuum. The potassium carbonate promoted LDH was then removed firom the 
flask, dried, crushed, and stored in glass vials. 

The exemplary compositions are converted into their respective adsorbent by 
calcining the LDH composition at a temperature of about 400 °C. The experiments were 
conducted at a temperature of about 400^C and the CO2 partial pressiire was 0.7 atm. The 
adsorption capacities were obtained via using a thermal gravimetric apparatus using a 
"dr/' gas stream containing CO2 (about 0.7 atmosphere partial pressure) and an inert gas 
and are provided in FIG. 1 . 

FIG. 1 illustrates that the pressure swing adsorption capacity of the adsorbent 
correspondmg to Example 1 is as much as 100% greater than the adsorbent corresponding 
to Comparative Example when o is in the range firom 0.025 to 0.05. 

In addition, FIG. 1 illustrates that the pressure swmg adsorption capacity of the 
adsorbent corresponding to Example 2 is as much as 100% greater than the adsorbent 
corresponding to Comparative Example 1 when q is in the range from 0.01 to 0.025. 

The above described adsorbents corresponding to Examples 1 and 2 are 
advantageous because of their high adsorption capacity and longer Ufe cycle in adsorption 
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processes. It should be noted the high adsorption capacity of the adsorbents 
corresponding to Examples 1 and 2 occurs while the surface area of these adsorbents 
decreases. 
Example 2 

The following is a non-limiting illustrative example of an embodiment of the 
present invention. This example is not intended to limit the scope of any embodiment of 
the present invention, but rather is intended to provide specific experimental conditions 
and results. Therefore, one skilled in the art would und^stand that many experimental 
conditions can be modified, but it is intended that these modifications are within the 
scope of the embodiments of the present iuvention. 

Four exemplary adsorbents were prepared (in a manner consistent with those 
method described herein) and examined: LDH compositions having Mg/Al in a 3/1 ratio, 
(1) promoted with K2CO3 and (2) unpromoted; LDH compositions having Mg/Al/Ga in a 
3/0.9/0.1 ratio, (3) promoted with K2CO3 and (2) unpromoted; and LDH compositions 
having Mg/Al/Ga in a 3/0.9/0.1 ratio, (3) promoted and (4) unpromoted. These samples (0.2 g 
each) were placed in a fixed bed adsorber opaated at a total pressure of 30 psia that was installed, 
in a controlled furnace. 

Inert gas (He, 30 STP cm^/minute) was passed over this solid and thence to a CO2 
analyzer to analyze for the CO2 concentration in the eflQuent gas. Data of CO2 concentrations, as 
a function of time, were recorded by a PC stored for further processing. The temperature of 
the adsorbent bed was heated from 100 to 450''C at a hnear rate of 2°C/minute, and then 
the temperature was held constant for 30 minutes so that the LDH is be fully converted to 
the calcined soUd. 

Next, the solid was cooled quickly to 200''C and the inlet gas switched to a 
mixture of He/Ar/H20/C02 = 90/1/6/3 mol% at the same flow rate (30 STP cmVminute) for a 
period of 24 hours during which the calcined solid would be partially reconstructed to the LDH. 
This mixture produced the following partial pressures when the total pressure is 30 psia: 
H2O = 138 Torr, CO2 = 69 Torr. Since the space-time was short under the prevailing 
conditions, the CO2 '"broke through" the adsorbent bed in just a few minutes, but the e^qposure 
was continued for at least three hours. Additional testing showed that the CO2 uptake was 
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invariant for exposure times greater than 3 hours. The purpose of these tests was to 
determine the reversible CO2 capacity and not to describe the adsorption kinetics. 

Next, the gas stream was switched back to inert He at the same flow rate and total 
pressure. This solid was heated in a linear rate, 2*'C/minute, from 200 to 500°C and held at 
this temperature for 30 minutes. This cycle of adsorption and desorption was repeated for up 
to 3 Q^les. 

The calcined solids developed by thermolysis of the LDH samples were 
subsequently exposed to a moist stream of He/Ar/C02 at 200*=*C and a pressure of 30 psia for 
24 hours. This solid was then heated to 500°C at a linear rate (2X/minute) and the CO2 
composition of the evolved gas was recorded as a function of time for the four samples. The 
temperature of the sample was also recorded on the same figure and the samples were cycled 
through either 2 or 3 cycles of adsorption followed by desorption into inert He stream and 
leadsOTption of CO2 (Pco2 =69 Ton) fix)m the moist stream OPmo =1 3 8 Ton) described above at 
the same conditions: 200°C at 30 psia for 24 hours. 

The desorption of CO2 for the unpromoted san:5>les occurred at a single temperature of 
350°C. For the sample containing no Ga (#1), the amount of CO2 desorbed decreased with cycle 
number; however, the Ga-containing sample (#2, 10 mol% Ga) showed more CO2 desorption 
that does not decrease with cycle numb^ after the first cycle. The K-promoted samples showed 
two desorption peaks at 340 and 450'^C that resulted in a large, reversible CO2 sorption 
capaciti^. The areas under the CO2 concentration versus time curves were integrated to obtain 
Ihe reversible CO2 sorption capacities, as shown in Table 1, The sample without Ga (#3) 
showed a decreasing, reversible sorption capacity with cycle number; whereas the Ga- 
containing sample (#4) showed slightly greater CO2 cq>acity, and this capacity was almost 
constant with cycle number, decreasing by only 4% after 3 cycles. The Ga-containing 
san^le (#4) has a cyclic stability since the working capacity changes less than a 6% tolerance. 
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Table 1 : CQz Reveisible Soiption C^qpadti^ under Temperature Swing OpCTations 
Sample miltimnles CO^ Evolved/g LDH 

Cycle #m O) (3) 

(1) Unpromoted,NoGa 0.099 0.058 - 

(2) Unpromoted, 10% Ga 0.17 0.16 0.143 

(3) K-Promoted,NoGa 0.57 0.52 - 

(4) K-promoted,10%Ga 0.58 0.57 0.55 

The data in the table above were developed from a consideration of the amount of CO2 ' 
evolved during the desorption step. These results show that the process to cycle the 
adsorbent is a viable means to remove cairbon dioxide from a process stream and to 
concentrate it in a separate stream using a temperature swing adsorption/desorption process. 

The adsorption capacity for adsorption/desorption cycles in an atmosph^ where water 
v^QT is also present in addition to CO2 and inert gas. The cycles are defined as foUows: 

a) Adsorption — the solid adsorbent is held at a temperature of 200X while the 
gas stream (Pco2 = 2.7 psia, l?mo == 1-35 psia, Ptotai = 45 psia) for at least 1 
hour to ensure that the sample has taken up an amount of COa/water that is its 
maximum capacity. 

b) Desorption — ^tiie gas stream is switched to an inert gas at a total pressure of 45 
psia, and the temperature of the solid is increased from 200 to 450*^0 at a rate 
of 10°C /minute. This temperature is held at 450''C for 1 hour before the solid 
is cooled back to 200°C to start another adsorption cycle. 

It should also be noted that specific surfece area, as measured by the BET surfece area 
technique, of the san^les having Ga incorporated th^in decrea^ as shown in Table 2 below. 
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Table 2: Surface Area of Various LDH's Before and After Calcining 



Sample 
0%Ga,LDH 
0% Ga, Calcined 
5%Ga,LDH 
5% Ga, Calcined . 
10%Ga,LDH 
10 % Ga, Calcined 



BET Surface Area (mVexam) 



85.6 (±030) 
211 (±0.97) 
.44.0 (±0.29) 

58.7 (±0.71) 
34.2 (±0.37) 

45.8 (±0.71) 



The term LDH means the layered double hydroxide before it was calcined. The terai 
calcined means that tihe LDH was heated to 450°C in order to convert it into the adsorbent 
solid. All of these samples had been also promoted with potassium from its carbonate. 
Notice how the specific surface area, as interrogated by the introduction of nitrogen gas to 
the sample at 77 K for total pressures less than 1 atm, decreased when Ga was 
incorporated in the sample. 

It should be emphasized that the above-described embodiments of the present 
invention, particularly, any "^preferred" embodiments, are merely possible examples of 
implementations, merely set forth for a clear understanding of the principles of the 
invention. Many variations and modifications may be made to the above-described 
embodiment(s) of the invention without departing substantially from the spirit and 
principles of the invention. All such modifications and variations are intended to be 
included herein within the scope of this disclosure and the present invention and 
protected by the following claims. 
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CLAIMS 

Therefore, having thus described the invention, at least the following is claimed: 



1 1 . An adsorbent comprising an alkali metal promoted, mixed trivalent layered 

2 double hydroxide (LDH) composition, wherein the mixed trivalent layered double 

3 hydroxide (LDH) composition is heated to a temperature ranging froin about 

4 300®C to 450°C to provide the adsorbent having an adsorption edacity of at least 

5 0.8 millimoles of CO2 adsorbed per gram of adsorbent. 



1 2. The adsorbent of claim 1, wherein the alkali metal is at least one metal selected 

2 from the group consisting of potassium, sodium, and lithium. 

1 3 . The adsorbent of claim 1, wherein the alkali metal is potassium. 

1 4. The adsorbent of claim 1 , wherein the alkali metal promoted, mixed trivalent 

2 metal LDH composition is represented by the formula 

3 [Mg6Al2(i-o)Ga2o(OH)i6C03*4H20] • p(K2C03), wherein p is in the range from 

4 greater than 0 to about 0.02, and wherein o is in the range from greater than 0 to 

5 about 0.3. 



/ 
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1 5. The adsorbent of claim 1 , wherein the alkali metal promoted, mixed trivalent 

2 metal LDH composition is represented by the formula 

3 [Mg6Al2(i-q)La2q(OH)i6C03»4H20] • rCKlaCOa), wherein r is in the range jBrom 

4 greater than 0 to about 0.02, and wherein q is in the range from greater than 0 to 

5 about 0.1. 



1 6. The adsorbent of claim 1 , wherein the alkali metal promoted, mixed trivalent 

2 metal LDH composition comprises at least one trivalent metal selected from 

3 galliimi, lanthanum, indiimi, the lanflianide series of elements, or combinations 

4 thereof 

1 7. The adsorbent of claim 6, wherein the trivalent metal is gaUium, 

1 8. The adsorbent of claim 6, wherein the trivalent metal is lanthanum. 

1 9. The adsorbent of claim 1, wherein the adsorbent has a desorption rate, indicated 

2 by a first order rate constant, of about 0.05 to 0.24 per minute. 

1 10. The adsorbent of claim 1 , wherein the adsorbent has a working capacity of at least 

2 0.05 millimoles per gram CO2 per gram of adsorbent. 
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1 11. An adsorbent comprising an alkali metal promoted, mixed trivalent layered 

2 double hydroxide (LDH) composition, wherein the mixed trivalent layered double 

3 hydroxide (LDH) composition is heated to a temperature ranging from about 

4 300®C to 450°C to provide the adsorbent, and wherein the alkali metal promoted, 

5 mixed trivalent metal LDH composition has the following general formula: 

6 [Mli.x(M2yM3(i.y)MOH)2(A)^2 • z H2O] • v [M4wC03] 

7 wherein the subscript "x" is a number between 0 an 1 ; the subscript *y ' is a 

8 number ranging from greater than 0 to about 0.05; "z" is a numbCT ranging from 0 

9 to about 8; the subscript 'V is the integer 1 or 2, wherein when is the integer 

10 1 the CO3 becomes HCO3; "v" is a number ranging from 0 to about 0.01; "Ml" is 

11 a divalent metal selected from magnesium (Mg), calcium (Ca), strontivim (Sr), 

12 manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn); 

13 **M2" and ^TMS" are each a trivalent metal selected from aluminum (Al), 

14 chromium (Cr), Mn, Fe, Co, lanthanum (La), cerium (Ce), galium (Ga), indium 

15 (In), the lanthanide series of metals, and mixtures thereof; "A" is an anion selected 

16 from CO3, SO4, and HPO4; and '*M4" is an alkali metal selected from sodium 

17 (Na), potassium (K), robidium (Rb), cesium (Cs), and lithium (Li). 

1 12. The adsorbent of claim 1 1 , wherein *'M1" is Mg. 

1 13. The adsorbent of claim 1 1, wherein '^2" is selected from Al, Ga, and La. 

1 14. The adsorbmt of claim 1 1 , wherein **M3" is a trivalent metal selected from Ga, 

2 La, In, and the lanthanide series of metals. 

1 15. The adsorbent of claim 11, wherein at least one of "M2" and ^^3" is Al. 

1 16. The adsorbent of claim 1 1 , wherein "M4" is K. 
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1 17. The adsorbent of claim 1 1 , wherein the alkali metal promoted, mixed trivalent 

2 layered double hydroxide (LDH) composition is represented by the formula: 

3 [Mg6Al2(i-o)Ga2o(OH)i6C03»4H20] • p(K2C03), wherein p is in the range from 

4 greater than 0 to about 0.02, and wherein o is in the range from greater than 0 to 

5 about 0-3. 

1 18. The adsorbent of claim 1 1 , wherein the alkali metal promoted, mixed trivalent 

2 layered double hydroxide (LDH) composition is represrated by the formula: 

3 [Mg6Al2(i-q)La2q(OH)i6C03»4H20] • r(K2C03), wherein r is in the range from 

4 greater than 0 to about 0.02, and wherein q is in the range from greater than 0 to 

5 about 0.1. 

1 19. The adsorbent of claim 1 1, wherein the adsorbent has a working capacity of at 

2 least about 0,05 millimoles CO2 per gram of adsorbent. 



1 20. The adsorbent of claim 1 1 , wherein the adsorbent has a working edacity of at 

2 least O.S millimoles per gram CO2 per gram of adsorbent 

1 21 . A method of separating carbon dioxide from a gas nuxture comprising carbon 

2 dioxide and water vapor, the method comprising: 

3 ' providing at least one adsorption zone comprising an alkali metal 

4 promoted, trivalent metal layered double hydroxide (LDH) adsorbent having an 

5 adsorption capacity of at least 0.8 millimoles of CO2 adsorbed per gram of LDH 

6 adsorbent; 

7 passing the gas mixture comprising water vapor and carbon dioxide 

8 through the at least one adsorption zone wherein the alkaU metal promoted, mixed 

9 trivalent metal LDH adsorbent adsorbs at least part of the carbon dioxide from the 

10 mixture to provide a carbon dioxide-depleted gas; and 

1 1 regenerating the alkali metal promoted trivalent metal LDH adsorbent to 

12 provide a a carbon dioxide-rich gas. 
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1 22. The method of claim 2 1 , wherein the passing step is at least one process selected 

2 from pressure swing adsorption, temperature swing adsorption, and combinations 

3 thereof. 

1 23. The method of claim 21 , wherein the adsorption zone comprises at least one 

2 member selected from a single adsorption bed, a plurality of adsorption beds, a 

3 rotating kiln adsorption unit, and combinations thereof. 

1 24. The method of claim 21 , wherein the gas mixture ftirfher comprises at least one 

2 " gas selected from hydrocarbons, carbon monoxide, H2, O2, N2, and combinations 

3 thereof. 

1 25. The method of claim 24, wherein the gas mixture comprises at least one 

2 hydrocarbon selected from naphtha, methane, ethane, ethene, and combinations 

3 thereof 

1 26. A melbod of separating carbon dioxide from a gas mixture using an adsorption 

2 process comprising: 

3 passing the gas mixture comprising water vapor through at least one 

4 adsorption zone comprising an alkali metal promoted, mixed trivalent metal 

5 layered double hydroxide (LDH) adsorbent wherein the adsorption zone being at a 

6 first temperature and a first pressure, and wherein the alkali rnetal promoted, 

7 mixed trivalent metal LDH adsorbent adsorbs at least part of the carbon dioxide 

8 from the gas mixture; 

9 separating a portion of ttie carbon dioxide from the gas mixture to form a 

1 0 carbon dioxide-dq>leted gas; and 

1 1 regenerating the alkali metal promoted, mixed trivalent metal LDH 

12 adsorbent, wherein tiie adsorption zone being at a second temperature and a 

1 3 second pressure. 
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1 27. The method of claim 26, wherein the adsorption process is a cyclic adsorption 

2 process. 



1 28. The method of claim 26, wherein the cyclic adsoiption process is selected from a 

2 pressure swing adsorption process, a temperature swing adsorption process, and 

3 combinations thereof. 

1 29. The method of claim 26, wherein the first temperature is less than the second 

2 temperature. 

1 30. The method of claim 26, wherein the first pressure is greater than the second 

2 pressure. 

1 . 31. A method of separating carbon dioxide firom a gas mixture using an adsorption 

2 process comprising: 

3 contacting the gas mixture comprising water vapor with alkali metal 

4 promoted, mixed trivalent metal layered double hydroxide (IJDH) adsorbent 

5 having an adsorption capacity of at least 0.8 milHmoles of CO2 adsorbed per gram 

6 of LDH adsorbent; and 

7 separating a portion of the carbon dioxide firom the gas mixture. 

1 32, The method of claim 3 1 , fiirther comprising: 

2 regenerating the iaikali metal promoted, mixed trivalent metal LDH. 



27 



wo 2004/000440 




:T/US2003/019290 



i/l 



E 

o 
o 

o 
E 
E 



1.4 
1.2 



0.8 
0.6 
0.4 



0.2 -1 
0 



♦ GaforAI 
□La for Al 
AGT sample, all Al 



20 



40 



60 



80 



100 



% Trivalent exchanged 



FIG. 1 




INTERNATIONAL SEARCH REPORT 



International application No. 
PCT/US03/I9290 



A, CLASSIFICATION OF SUBJECT MATTER 

IPC(7) : BOID 53/04, 53/62 

US CL : 95/96, 139,900; 423/230; 502/56, 103 
According to International Patent Classification (IPC) or to both national classification and IPC 



B. FIELDS SEARCHED 



Minimum documentation searched (classification system followed by classification symbols) 
U.S. : 95/96,106,115,118-120,126,139,900; 423/230; 502/34,56,102.103,414 



Documentation searched other than minimum documentation to the extent that sudi documents are included in the fields searched 
NONE 



Electronic data base consulted during the international search (name of data base and, where practicable, search terms used) 
NONE 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 

Categor y * Citation of document, with indication, where appropriate, of the relevant passages 



Relevant to claim No. 



A 
A 
A 
A 
A 
A 
A 

A,P 
A.T 



US 4,201,751 A (HOLTER et ai.) 06 May 1980 (06.05.80). 
US 5,091.358 A (BIRBARA et al.) 25 February 1992 (25.02.92), 
US 5,186.727 A (CHANG) 16 February 1993 (16.02.93). 
US 5,214,019 A (NALETTE et al.) 25 May 1993 (25.05.93). 
US 5.980,856 A (OKADA et al.) 09 November 1999 (09.11.99). 
US 2001/0001782 Al (OHASHI et al.) 24 May 2001 (24.05.01). 
US 6,280,503 Bl (MAYORGA et al.) 28 August 2001 (28.08.01). 
US 2003/0047488 Al (TAKEHIRA et al.) 13 March 2003 (13.03.03). 
US 6,599,347 B2 (KALBASSI et al.) 29 July 2003 (29.07.03). 



1-32 
1-32 
1-32 
1-32 
1-32 
1-32 
1-32 
1-32 
1-32 



I I Further documents are listed in the continuation of Box C. | | See patent family annex. 



* Special categories of cited documents: 

"A" document defining the general state of the art which is not considered to be 
of particular relevance 

'E** earlier application or patent published on or after the international filing date 

'L** document which may throw doubts on prioriiy claim(s) or which is cited to 
establish the publication date of another citation tat odier special reason (as 
specified) 

"O"* document referring to an oral disclosure, use, exhibition or other means 

*P" document published prior to the international filing date but later dian the 
priority date claimed 



''T'* later docimient published after the international filing date or priority 

date and not in conflict with the application but cited to understand die 
principle or theory underlying the invention 

"X** document of particular relevance; ttie claimed invention cannot be 

considered novel or cannot be considered to involve an inventive step 
when die document is taken alone 

**Y" document of particular relevance; the claimed invention cannot be 

considered to involve an inventive step when the document is 
combined with one or more other such documents, such combination 
being obvious to a person skilled In Uie art 

*&" document member of the same patent family 



Date of the actual completion of the international search 
07 October 2003 (07.10.2003) 



Name and mailing address of the ISA/US 
Mail Stop POT. Attn: ISA/US 
Commissioner for Patents 
P.O. Box 1450 

Alexandria, Vir^a 22313-1450 
Facsimile No. (703)305-3230 



Date of mailing of the international search report 

2 myjnm 




L Spitzer 
Telephone No. 703-308-0661 



Form PCrr/ISA/210 (second sheet) (July 1998) 



